Background: Diagnostic error is a significant problem in emergency medicine, where initial clinical assessment and decision making is often based on incomplete clinical information. Traditional computerised diagnostic systems have been of limited use in the acute setting, mainly due to the need for lengthy system consultation. We evaluated a novel web-based reminder system, which provides rapid diagnostic advice to users based on free text search terms. Methods: Clinical data collected from patients presenting to three emergency departments with acute medical problems were entered into the diagnostic system. The displayed results were assessed against the final discharge diagnoses for patients who were admitted to hospital (diagnostic accuracy) and against a set of ''appropriate'' diagnoses for each case provided by an expert panel (potential utility). Results: Data were collected from 594 patients (53.4% of screened attendances). Mean age was 49.4 years (95% CI 47.7 to 51.1) and the majority had significant past illnesses. Most were assessed first by junior doctors (70%) and 266/594 (44.6%) were admitted to hospital. Overall, the diagnostic system displayed the final discharge diagnosis in 95% of inpatients and 90% of ''must-not-miss'' diagnoses suggested by the expert panel. The discharge diagnosis appeared within the first 10 suggestions in 78% of cases. Conclusions: The Isabel diagnostic aid has been shown to be of potential use in reminding junior doctors of key diagnoses in the emergency department. The effects of its widespread use on decision making and diagnostic error can be clarified by evaluating its impact on routine clinical decision making.
mergency departments (EDs) have been shown to be high risk clinical areas for the occurrence of medical adverse events. 1 2 In contrast to the inpatient setting where diagnostic delays and missed diagnoses account for only 10-15% of adverse events, diagnostic errors are more frequent and assume greater significance in primary care, emergency medicine and critical care, resulting in a large number of successful negligence claims. [3] [4] [5] [6] Various reasons may account for this difference. In EDs, acute clinical presentations are often characterised by incomplete and poor quality information at initial assessment leading to considerable diagnostic uncertainty. Systematic factors such as frequent shift changes, overwork, time pressure and high patient throughput may further contribute to diagnostic errors. 7 Cognitive biases inherent within diagnostic reasoning have also been shown to play a crucial role in perpetuating patient safety breaches during diagnostic assessment. 8 9 Despite easier access to health information for the public through NHS Direct and NHS Online, the demand for emergency care is steadily rising, 10 and it is possible that greater pressure on emergency staff to cut waiting times and increase efficiency with limited resources will lead to a higher incidence of patient safety incidents during diagnostic assessment.
The use of computerised diagnostic decision support systems (DDSS) has been proposed as a technological solution to minimise diagnostic error. 11 A number of DDSS have been developed over the past few decades, but most have not shown promise in EDs, either because they focussed on a narrow clinical problem (eg, chest pain) or because computerised aids intended for general use were used only for consultation in rare and complex diagnostic dilemmas. In order to enter complete clinical data into these systems using system-specific medical terminology, considerable user motivation and time was required (often 20-40 min of data entry time). 12 Isabel (www.isabelhealthcare.com) is a novel DDSS which was primarily developed for acute paediatrics. Isabel users enter their search terms in natural language free text, and are shown a list of diagnostic suggestions (up to a maximum of 30, displayed on three consecutive pages, 10 diagnoses per page), which are arranged by body system (eg, cardiovascular, gastrointestinal) rather than by clinical probability. 13 14 These suggestions are intended only as reminders to prompt clinicians to consider them in their diagnostic investigation, not as ''correct'' choices or ''likely'' diagnoses. The system uses statistical natural language processing techniques to search an underlying knowledge base containing textual descriptions of .10 000 diseases. In clinical trials performed in acute paediatrics, mean Isabel usage time was ,3 min, and the system reminded junior doctors to consider clinically significant diagnoses in 12.5% of cases. 15 The DDSS was extended to cover adult disease conditions in January 2005. 16 Although the extended Isabel system was closely modelled on the paediatric version, a large scale validation of the newly developed system was felt necessary to establish its diagnostic accuracy and potential utility for a range of clinical scenarios among adult patients in EDs. This was especially important since acute presentations in adults differ significantly from those in children. Adults may have multiple pre-morbid conditions that confound their acute illness. Further, the spectrum of diseases encountered is quite distinct, and the relative importance of diagnoses during initial assessment may be different from that in paediatric cases. It was also postulated that the greater amount of clinical detail available on adults presenting to EDs may prolong data entry time. In addition, since the Isabel system relies on extracting key concepts from Abbreviations: DDSS, diagnostic decision support systems; ED, emergency department; RA, research assistant its knowledge base (textbooks and journal articles), variations in natural language textual patterns in the medical sources used for the adult system may significantly influence its diagnostic suggestions.
METHODS
This preliminary validation study was designed purely to examine the clinical performance of the Isabel system and identify its potential utility in adult EDs, not to assess its impact on clinical practice or diagnostic errors. Therefore, clinicians were not allowed real-time access to the system during patient assessment in this study. Clinical data from ED patients presenting with a range of acute medical problems were used to validate the results of the DDSS. The study was approved by the London multi-regional ethics committee (04/MREC02/41) and relevant local research governance committees.
Study centres
A convenience sample of four UK EDs were selected for data collection during the study. Due to significant delay in completing research governance procedures at one centre, data were finally only collected from three participating sites. The characteristics of the study sites are summarised in table 1.
Study patient data
Data were collected from all consecutive patients over 16 years old presenting to the ''majors area'' or resuscitation rooms with an acute medical problem. Patients presenting to ''minors'' or a similar area, patients with surgical complaints (including trauma, orthopaedics, ENT, ophthalmology and gynaecology), post-operative surgical problems, psychiatric problems (including substance and alcohol abuse) and complaints directly related to pregnancy were excluded. Patients presenting for reassessment of the same clinical problem within a week of an earlier visit to the ED were also excluded.
Study procedure
This study was a prospective, multi-centre observational study utilising medical case note review. No interventions were performed on patients.
Screening for eligibility
The attendance records of all consecutive patients presenting to an ED ''majors area'' within a pre-designated 2-week period were screened for eligibility by the primary research assistant (RA). Screening was performed at study sites one after the other, ie, the 2-week period was different for each centre. The complete medical and nursing notes of patients with presenting complaints that fitted study criteria were selected for further review. Reasons for exclusion were recorded for the remainder using specific codes established a priori. Where the RA was unsure of study eligibility, patients were included and data were collected. Such notes were reviewed at regular intervals by the principal investigator, and a final decision regarding study eligibility was made. To assess inter-rater reliability during screening for eligibility, a second RA examined patient notes from two randomly chosen dates within the specified 2-week period at each study ED. The primary RA was blinded to these dates. Concordance between the two RAs was calculated using the kappa statistic (k 0.65, 95% CI 0.62 to 0.68).
Data collection
From eligible patient notes, the primary RA extracted data regarding patient details; date and time of patient assessment; details of clinical presentation such as symptoms, past medical and family history; examination findings, tests performed and results available at the end of complete assessment by the first examining clinician; differential diagnosis and management plan of the first examining clinician; referral for specialist or senior opinion; and outcome of ED assessment. This was entered directly into an Access database (Microsoft, Reading, UK) by means of pre-designed electronic forms. During data entry, both positive and negative symptoms, signs and test results were collected as recorded in the patient notes. Following complete data collection at all centres, final discharge diagnoses for patients at the end of ED assessment, recorded either on discharge letters or on ED electronic systems, were ascertained. For patients admitted as inpatients, final primary diagnoses at hospital discharge were obtained from hospital electronic coding systems.
Data quality assurance was achieved by multiple means including: use of a training manual created before study commencement containing standardised case examples to practise screening, data collection and abstraction; the use of 25 medical records to practise data collection, with doubts being clarified by the study investigator at study outset; weekly meetings to discuss data abstraction issues and examine collected data; and a log of discussions for ready reference. Reliability of the data collection process was established by randomly assigning 50% of eligible patient notes from two randomly chosen dates to a second RA. Concordance for key variables was analysed using the kappa statistic (k 0.58, 95% CI 0.52 to 0.64).
Expert panel
An expert panel was set up at each study site consisting of two consultants (attending physicians), which met regularly to provide gold standard diagnoses for a randomly selected subset of study patients. At each panel meeting, moderated by the primary RA, data collected during initial ED assessment for each patient were provided in the form of a pre-formatted clinical summary report generated from the Access database (table 2) .
Presenting clinical symptoms were provided as recorded in the patient notes. Only relevant co-morbidities, family history, positive clinical signs and results of initial tests (if performed by the examining clinician) were provided. The panel were blinded to the ED where the patient was assessed, clinical decisions made and eventual patient outcome. The panel were instructed to provide, for each case following mutual consensus, a set of ''must-not-miss'' diagnoses, defined as key diagnoses that would influence patient management, ie, result in a specific action, either eliciting further history or physical examination or initiating new tests and/or treatments. To establish concordance between the three expert panels, a random selection of 5% of study patients was assigned to each panel in blinded fashion. For this subset, gold standard diagnoses were defined as those suggested by two or more panels.
DDSS data entry
Concurrent with the data collection process, an Isabel prototype was created from the original paediatric version. In order to generate a mature DDSS for use in adult patients, this prototype needed refinement. A total of 130 notes randomly drawn from patients not admitted to hospital were used for this final fine-tuning (development set). In an iterative process, the system's results for each case were critically examined by clinicians in the development team. To generate a focussed list of diagnoses, each diagnosis in the Isabel database had to be tagged to particular age group(s), gender and regions in which the disease was commonly seen (paediatric tags could not be used for adult patients). Once a fully developed Isabel system was available, the remainder of the cases (464/594) were used to test its performance (validation set). During the validation stage, the RA exported the clinical summary report (as presented to the panel) for each case from the Access database in the form of individual text files. Since the Isabel system accepted search terms only as text and negative findings could not be searched within its medical content, information from the patient summary report needed modification by the RA during data entry into Isabel. Patient characteristics (eg, age and gender) were input using a drop-down menu, numerical values from vital signs and test results were converted Validation of a diagnostic reminder systemto text terms (eg, temperature 38.8˚C into ''fever''), and only positive findings and test results (when available) were entered. This procedure was standardised prior to data entry by establishing normal ranges for vital signs and test results. The patient summary was aggregated into a single block of text with each symptom, positive clinical finding, salient past illness and the result of each test placed on a separate line, and then pasted into the search box. Any amount of clinical information could be entered, although it was accepted that specificity of search results would improve with detailed data entry. 
Outcome measures
Two separate outcome measures were assessed. Diagnostic accuracy was used to provide an indication of the system's clinical performance and was defined as the proportion of cases admitted to hospital in which the final discharge diagnosis appeared among the DDSS suggestions. However, this did not provide an indication of the system's utility in terms of guiding appropriate patient management in clinical practice. Therefore, the proportion of cases in which the DDSS included the entire set of key diagnoses that were deemed as ''must-not-miss'' by the expert panel indicated its utility in an ED setting. 
Sample size and statistical analysis
Using an estimated diagnostic accuracy of 85% (from the paediatric system) and an acceptable error rate of 3.5%, data were required from 450 patients to ensure adequate power. Differences between study EDs were analysed using the x 2 test for proportions and ANOVA for continuous variables. Statistical significance was set at p value ,0.05.
RESULTS
During the study period, 1113 consecutive patient notes were screened for study eligibility at the three centres. A total of 489 patients were excluded by the RA and a further 30 patients were judged as ineligible on secondary review (overall 46.6%). Therefore, 594 medical notes were reviewed in detail. There were significant differences between centres with respect to the proportion of patient notes excluded and reasons for exclusion (table 3) .
Patient characteristics are summarised in table 4. The mean age of patients included in the study was 49.4 years (95% CI 47.7 to 51.1) with an equal male to female ratio. A significant number of eligible patients were brought into EDs by ambulance (49.2%), and the majority were triaged into level 3 (55%). Most patients were seen by an SHO in the first instance (74.9%), and 40% were seen out of working hours (1800-0800). The majority of patients had past medical illnesses of note (91.4%). In addition, significant family history was present in a number of patients (12%). The primary examining clinician indicated having sought senior opinion in 7.7% and specialist opinion in nearly 25% of patients. Overall, 44.8% were admitted to hospital as inpatients, of whom 33% were discharged without further follow-up arrangements.
Diagnostic accuracy was measured using 217 inpatient discharge diagnoses available from 266 admissions. Overall, the DDSS displayed 206/217 diagnoses, with an accuracy rate of 95% (CI 92% to 98%). Seventy eight per cent of the discharge diagnoses were displayed on the first page (first ten suggestions).
Panel members examined 129 cases to provide ''must-notmiss'' diagnoses. A total of 30 cases were assessed by all three expert panels and 99 others by a single panel. In the former set, 52 diagnoses were suggested (mean 1.7 per case). Isabel displayed 50/52 suggestions (96%) in the list of its diagnostic reminders, with the majority present on the first page (35/50, 70%). For the latter set, 100 ''must-not-miss'' diagnoses were provided by the panel (mean 1 per case). Isabel displayed 90/ 100 suggestions; 53/100 were present on the first page (first 10 reminders). Comprehensiveness improved significantly when all three pages were examined (fig 3) . An example of one expert panel's assessment of a case and relevant ''must-not-miss'' diagnoses is shown in table 5.
DISCUSSION
We have demonstrated in this large validation study that the Isabel diagnostic aid demonstrates significant accuracy for hospital discharge diagnosis among patients presenting to EDs with acute medical problems. The system also showed potential utility in the ED setting by including all key diagnoses among its diagnostic reminders.
The Isabel system has been previously evaluated in acute paediatrics, and shown to display the final diagnosis on the first page in .90% cases drawn from real life practice. 17 The heterogeneous nature of acute presentations among adult patients and their lengthy past history may have resulted in more complex clinical data entry accounting for some decrease in accuracy in this study. Most adult patients had significant past medical illnesses and were on numerous medications. In addition, textual descriptions of diseases in the current Isabel knowledge base may be quite different between adult and paediatric sources resulting in a poorer match between the clinical data entered and the diagnostic results generated. Despite these findings, Isabel's diagnostic performance is better than that of previously described DDSS. 18 VanScoy et al showed in an ED setting using two diagnostic systems, QMR and ILIAD, that the final diagnosis was present in the top five choices in only 30% of cases. Data entry time was prolonged since detailed case descriptions needed to be matched to system-specific terminology and specific training was required in the use of the DDSS. 19 In our study, clinical assessment was entered into Isabel in the examining clinicians' own words in free text, leading to the conclusion that rapid and easy use of the system is possible without prolonged data entry. In this context, Graber et al have also recently shown that merely pasting the entire history and physical examination section from the Case Records of the Massachusetts General Hospital series as text without any modification into Isabel resulted in a diagnostic accuracy rate of 74%. 20 Identifying the precise patient population in which DDSS might prove useful is a major challenge. Expert systems such as QMR were intended to be used in a diagnostic dilemma. However, there is sufficient evidence that diagnostic errors occur during routine practice, and that there is poor correlation between physicians' diagnostic accuracy and their own perception of the need for diagnostic assistance. 21 We chose to focus on validating Isabel against a pre-selected subset of ED patients (acute medical problems seen in the ''majors area''). Nearly half of all patients screened qualified using our liberal study criteria, although it is improbable that in practice medical staff would have used Isabel in all these patients. Experience from our paediatric clinical study indicates that clinicians may seek diagnostic advice in 5-7% of acute medical presentations (three to five ED patients per day). 22 Identifying the optimal parameter against which DDSS performance can be measured also remains controversial. 23 We used hospital discharge diagnoses and an expert panel's opinion of key diagnoses to provide a combined view of system accuracy and utility. During this initial evaluation, we deliberately denied clinicians access to Isabel. Yet, by extrapolation from these results, it seems likely that clinicians will use and benefit from its diagnostic advice in situations of uncertainty, especially since minimal data entry time was required. Integration of the DDSS into an electronic medical record may allow active diagnostic advice to be delivered to staff with minimal effort. Such an interface has been developed recently. 24 
LIMITATIONS
The main limitation of this study was the fact that users did not interact with the system making it difficult to estimate its true utility in practice. The impact of a DDSS is best measured by its ability to improve clinicians' diagnostic assessment; in addition, unexpected negative effects might be seen. We used electronic systems or discharge summaries to provide data on final diagnoses, but these sources have been shown to be unrepresentative and of variable quality. However, due to logistical reasons, we could not follow up all patients seen in this study. Also, as ED discharge diagnoses on patients were also missing in a number of patients, we used inpatient discharge diagnoses for our main outcome analysis.
CONCLUSIONS
Diagnostic assistance may be useful in a large proportion of patients seen in an emergency department. The Isabel diagnostic aid performs with an acceptable degree of clinical accuracy in this setting. Further studies to elucidate its effects on decision making and diagnostic error are essential in order to clarify its role in routine practice.
